The encapsulation of individual nanoparticles has gained great attention as a method for both stabilizing nanoparticles and tailoring their surface properties. In particular, the encapsulation of nanoparticles with silica shells is advantageous for bioconjugation and applications to (nano)biotechnology. Herein we report a method for constructing gold nanoparticle (AuNP)/silica core/shell hybrid structures by biomimetic silicification of silicic acids. The procedure consists of surface-initiated, atom transfer radical polymerization of 2-(dimethylamino)ethyl methacrylate (DMAEMA) from AuNPs and biomimetic polycondensation of silicic acids by using poly(DMAEMA) as a synthetic counterpart for silaffins that are found in diatoms. The resulting AuNP/silica hybrids were characterized by Fourier transform infrared spectroscopy, energy dispersive x-ray spectroscopy, UV-vis spectroscopy and transmission electron microscopy. In addition, the immobilization of biological ligands onto the hybrids was investigated for potential applications to biotechnology. As a model ligand, biotin was attached onto the AuNP/silica hybrids through substitution reaction and Michael addition reaction, and the attachment was confirmed by fluorescence microscopy after complexation with fluorescein-conjugated streptavidin.
Introduction
Biosilicification, found in diatoms [1] and glass sponges [2] , has recently attracted much attention in nanotechnology and materials sciences [3] because biosilicification (silica biomineralization) occurs under ambient conditions at slightly acidic pH values and the naturally formed silica structures are precisely controlled at the nanometre scale. For example, biosilicification in diatoms is achieved by specific interactions between silicic acid derivatives and biopolymers, such as cationic polypeptides called silaffins containing long-chain polyamines: the self-assembled structure of the peptide part of the silaffins is thought to act as a template for the in vivo polycondensation of silicic acid derivatives 3 Author to whom any correspondence should be addressed.
catalysed by the long-chain polyamines [4] .
With the ultimate aim of fabricating custom-designed nanostructures based on silica biomineralization, silica nanoparticles have been produced in vitro with various polyamines, such as poly-L-lysine [5] , poly(allylamine hydrochloride) [6] , amineterminated dendrimers (PPI and PAMAM) [7] and others [8] .
In addition to single-component nanoparticles, recent years have witnessed a growing interest in core/shell hybrid nanoparticles, where a core nanoparticle is coated with a polymeric layer or an inorganic layer like silica, because the polymeric or inorganic layer would endow the hybrid structure with an additional function/property on top of the function/property of the core, and hence synergistically emerged functions can be envisioned. In the case of silica as an inorganic shell layer, surface functionalization of silica is well established and hence silica-based encapsulation of nanoparticles would make it possible to perform various functionalizations of the resulting nanostructures, such as bioconjugation [9] . There have been several reports on the encapsulation of nanoparticles with silica [10] , but a biomimetic approach to the encapsulation of nanoparticles has not been reported.
Because in vitro biomimetic silicification proceeds under mild conditions, its applications to (nano)biotechnology, such as encapsulation of enzymes with the retention of enzymatic activity, are especially superior to other methods.
Silaffins are post-translationally modified peptides where many of the lysines are modified to ε-N -dimethyllysine or oligo-N -methylpropyleneimine-linked lysine [11] . Considering that the long-chain polyamines and other amines found in the silaffins are mostly methylated tertiary amines, we chose 2-(dimethylamino)ethyl methacrylate (DMAEMA) as a synthetic counterpart of silaffins for silica biomineralization because DMAEMA contains the tertiary dimethylamino group and is easily polymerized by atom transfer radical polymerization (ATRP) in a controlled way [12] [13] [14] [15] . We have previously reported the biomimetic formation of silica thin films [13] and the biomimetic micropatterning of silica [14] by using poly(DMAEMA). In this study, we formed poly(DMAEMA)-coated gold nanoparticles (AuNPs) by surface-initiated, ATRP and subsequently AuNP/silica hybrids through biosilicification. The thickness of the silica shells was controlled by the thickness of the poly(DMAEMA) layers. In addition, we conjugated a biologically active biotin to the hybrid nanoparticles for potential applications to biotechnology.
Experimental details

Materials
Hydrogen tetrachloroaurate trihydrate (HAuCl 4 ·3H 2 O, Aldrich), sodium citrate dihydrate (Na 3 citrate·2H 2 O, 99%, Aldrich), copper (I) bromide (99.999%, Aldrich), 2,2 -dipyridyl (99+%, Aldrich), tetramethyl orthosilicate (TMOS; 99+%, Aldrich), tetrahydrofuran (THF; HPLC grade, Merck), isopropyl alcohol (HPLC grade, Merck), methanol (HPLC grade, Merck), sodium phosphate dibasic (99%, Sigma), sodium phosphate monobasic (99%, Sigma), 2-(methoxy(polyethyleneoxy) propyl)trimethoxysilane (90%, Gelest), 3-aminopropyltrimethoxysilane (APTMS; 97%, Aldrich), 3-mercaptopropyltriethoxysilane (MPTES; Gelest), N -hydroxysuccinimide (NHS)-discrete PEG 4 -biotin (NHS-dPEG 4 ™-Biotin; Quanta Biodesign), maleimide (MAL)-discrete PEG 3 -biotin (MAL-dPEG 3 ™-Biotin; Quanta Biodesign) were used as-received.
2-(dimethylamino)ethyl methacrylate (DMAEMA) was purchased from Aldrich and used after removing the inhibitor by column chromatography with basic alumina. A disulfide initiator, (BrC(CH 3 ) 2 COO(CH) 11 S) 2 , was prepared according to the literature [16] .
Formation of poly(DMAEMA)-coated AuNPs
Immobilization of initiating parts to the surface of
AuNPs. AuNPs (∼17 nm in diameter) were synthesized according to the literature [17] . A boiling aqueous solution of 0.01% (w/v) HAuCl 4 (50 ml) was added to an aqueous solution of 1% (w/v) Na 3 citrate (1.75 ml). The resulting mixture was refluxed for 5 min and cooled to room temperature. The colour of the solution changed from grey to red through lavender. The disulfide initiator (150 μl) was dissolved in THF (50 ml) and the AuNP solution was added to the solution containing the disulfide initiator. The mixture was stirred for 24 h at room temperature. Initiatorfunctionalized AuNPs were collected by centrifugation and washed in isopropyl alcohol three times.
2.2.2.
Surface-initiated, atom transfer radical polymerization of DMAEMA.
For the formation of brushtype poly(DMAEMA)-coated AuNPs, initiator-functionalized AuNPs (1.5 mg) were placed in a Schlenk flask and the Schlenk flask was degassed under vacuum and purged with argon. DMAEMA (0.6747 ml), CuBr (0.0057 g) and 2,2 -dipyridyl (0.0125 g) were added into another Schlenk flask and dissolved with degassed water (4 ml). The resulting solution was transferred to the Schlenk flask containing initiatorfunctionalized AuNPs. The mixture was then sonicated for 30 s and stirred for 1 h at room temperature. After polymerization, poly(DMAEMA)-coated AuNPs were separated from the suspension by centrifugation and washed several times by centrifuging/redispersing in methanol.
Formation of AuNP/silica hybrids
Sodium phosphate buffer (1 mM, pH 6, 4 ml) was added to the tube containing poly(DMAEMA)-coated AuNPs (solution A). Monosilicic acid was independently formed by stirring a HCl (1 mM) solution of TMOS (100 mM) at room temperature for 15 min, and 0.5 ml of the resulting solution was added to 0.5 ml of solution A. After 1 h, AuNP/silica hybrids were separated from the suspension by centrifugation and washed several times in water by centrifuging/redispersing.
Surface modification of AuNP/silica hybrids
For introducing amine or thiol functionality to the AuNP/silica hybrids, APTMS or MPTES (100 μl) was added to a toluene solution (0.9 ml) of AuNP/silica hybrids (0.5 mg) [18] . After 1 h, the APTMS-or MPTES-coated AuNP/silica hybrids were purified by centrifuging/redispersing in ethanol. To attach the biotin ligand onto AuNP/silica hybrids, the amine-or thiol-terminated AuNP/silica hybrids were suspended in a solution of NHS-dPEG 4 ™-Biotin or MAL-dPEG 3 ™-Biotin (5 mM) in phosphate-buffered saline (PBS; pH 7.4) for 1 h at room temperature, respectively, and the resulting nanoparticles were washed several times with PBS buffer. Biotin-attached AuNP/silica hybrids were then incubated with a solution of fluorescein (TRITC)-conjugated streptavidin (0.1 mg ml −1 ) in PBS containing 0.1% (w/v) bovine serum albumin (BSA) and 0.02% (v/v) Tween 20 at room temperature. After 1 h, the samples were collected and washed several times in PBS and distilled water. As a control experiment, an identical procedure was applied with PEO-terminated silanes (instead of APTMS or MPTES). 
Characterizations
Fourier transform infrared (FT-IR) spectra were recorded using NEXUS (ThermoNicolet) and 256 scans were averaged to yield the spectra at a resolution of 4 cm −1 . Transmission electron microscopy (TEM) images were obtained with a JEOL EM-2010 microscope and energy-dispersive xray microanalysis was performed on a TEM using INCA X-Sight (Oxford Instruments). Dynamic light scattering (DLS) spectroscopy was performed on a 90Plus (Brookhaven Instruments Corporation) and UV-vis spectroscopy on a UV-2550 spectrophotometer (Shimadzu). Fluorescence and optical images were acquired on an LSM 510 laser scanning confocal microscope (Carl Zeiss).
Results and discussion
Encapsulation of individually separated nanoparticles with silica-based shells is advantageous for bioconjugation and applications to (nano)biotechnology, because silica is nontoxic and easy to functionalize, and protects core nanoparticles from deleterious reactions such as oxidation. As a core, AuNPs show a good biocompatibility and have potential applications to therapeutic areas. In particular, the absorption of anisotropically shaped gold nanoparticles or nanoshells in the near-infrared (NIR) region makes photo-thermal therapy possible and therefore much effort is currently being made for applications of gold-based nanostructures to cancer hyperthermia [19] . The surface functionalization of AuNPs with thiol compounds has been widely investigated and the attachment of various biomolecules to AuNPs has been achieved. However, the interactions between gold and thiol are unstable [20] , which might lead to a short shelf-life of AuNP-based structures and preclude long-term applications of AuNPs. Encapsulation of AuNPs with a silica shell would be a simple method for stabilizing AuNPs and making them applicable to (nano)biotechnological areas.
The methods for encapsulating nanoparticles with silica have been developed based on sol-gel processes (Stöber method) [21] and microemulsion synthesis. Weller et al and Nann et al synthesized silica-coated, water-soluble CdTe nanoparticles and CdSe/ZnS/silica nanoparticles [10] , respectively, by using the Stöber method.
Ying et al used the microemulsion approach to coating of inorganic nanoparticles with silica [22] .
Both methods yielded reasonably monodispersed structures and could be applicable to various nanoparticles. Whatever their advantages, these methods still require harsh conditions, such as high pH and long reaction times for the formation of silica shells. Therefore, for the application of silica hybrid structures to biomaterials that are very sensitive to pH change and other harsh conditions, an alternative not requiring harsh reaction conditions would be preferred.
In this work, we investigated another method for encapsulating nanoparticles with silica-a biomimetic approach (biosilicification). Biosilicification proceeds under ambient conditions and is therefore especially advantageous when the formed silica-based structures are utilized for applications to biotechnological areas. For example, Spain et al biomimetically encapsulated enzymes inside silica, and reported that the encapsulated enzymes maintained their enzymatic activity after biomimetic silicification and the stability of the encapsulated enzymes was even higher than that of free enzymes [23] .
Biomimetic formation of silica shells
The synthetic procedure used in this work involves four steps: (1) synthesis of AuNPs, (2) immobilization of a polymerization initiator onto AuNPs, (3) surface-initiated, atom transfer radical polymerization (SI-ATRP) of DMAEMA from AuNPs, and (4) biomimetic silicification with poly(DMAEMA)-coated AuNPs as a core (scheme 1). The AuNPs were synthesized by the standard chemical reduction method using citrate, and the average diameter of the resulting AuNPs was 17 nm with a standard deviation of 5.6 nm [24] . The immobilization of an ATRP initiator, (BrC(CH 3 ) 2 COO(CH) 11 S) 2 , was achieved by a ligand exchange method. Since the bond strength between Au and sulfur is stronger than that between Au and citrate, citrates could be exchanged with the disulfide, the initiator for ATRP. After the exchange, the resulting AuNPs were characterized by IR spectroscopy. We observed an ester peak at 1735 cm −1 (C=O stretching, data not shown) from the bromoester moiety of the polymerization initiator. The ester peak indicates that the polymerization initiator was successfully immobilized onto the surface of AuNPs.
ATRP was adapted for polymerizing a tertiary aminecontaining monomer, DMAEMA, from the surface of AuNPs because ATRP has several advantages over other polymerization techniques, including precise control over the molecular weight of polymers (the thickness of functional polymer layers in this study) and mild polymerization conditions. As described in the introduction, we chose poly(DMAEMA) as a synthetic counterpart of silaffins because poly(DMAEMA) contains dimethylamino groups, and previous studies indicated that tertiary amine-containing polymers efficiently generated silica thin films at surfaces while primary and secondary amine-containing polymers did not. The SI-ATRP of DMAEMA was carried out by stirring a mixture of initiator-functionalized AuNPs, DMAEMA (1 M), CuBr and 2,2 -dipyridyl in degassed water for 1 h at room temperature as reported before [24] . Although we observed the aggregation of AuNPs during the ligand exchange step, the polymerization of DMAEMA led to the good dispersion of the resulting nanoparticles, presumably due to the surface modification of AuNPs with poly(DMAEMA). Dynamic light scattering (DLS) spectroscopy was performed, and the average hydrodynamic diameter of the resulting poly(DMAEMA)-coated AuNPs was found to be 102.2 nm with a standard deviation of 10.07 nm. The poly(DMAEMA)-coated AuNPs were dispersed in aqueous phosphate buffer solution (pH 6.0). Silicification was performed by mixing the nanoparticle solution with an HCl solution of TMOS at room temperature. After stirring for 1 h, the AuNP/silica hybrids were washed through centrifuging/redispersing in deionized water.
The resulting hybrids were characterized by IR spectroscopy, energy dispersive x-ray spectroscopy (EDX) and UV-vis spectroscopy. After SI-ATRP, the IR spectrum showed a characteristic peak of poly(DMAEMA) at 1731 cm −1 (C=O stretching) ( figure 1(a) ). In the IR spectrum of the AuNP/silica hybrids, we observed peaks between 1100 and 1200 cm −1 and at 968 cm −1 , which were assigned as Si-O-Si asymmetric stretching and Si-O − symmetric stretching, respectively ( figure 1(b) ). In addition, the IR spectra indicated that the peak intensity at 1731 cm −1 relatively decreased after the silicification. The formation of silica was further confirmed by the EDX analysis. We observed a Si peak at 1.74 keV from the EDX spectrum, indicative of the presence of silica. The UV-vis spectra also supported silica formation. We observed a red shift in the maximum absorption peak of the AuNPs after SI-ATRP and silicification. The peak was shifted from 522.5 to 528.5 nm after SI-ATRP and to 530 nm after silicification (figure 2). It is known that the exact position of the maximum absorption peak is very sensitive to both the size and shape of particles and the optical and electronic properties of the medium surrounding the particles [25, 26] . In the case of both poly(DMAEMA)-coated AuNPs and AuNP/silica hybrids, the observed red shift of the plasmon resonance peak may result from changes in the surface dielectric constant of the nanoparticles and the local refractive index around the nanoparticles [27] [28] [29] .
The TEM images of poly(DMAEMA)-coated AuNPs and AuNP/silica hybrids are shown in figure 3 , and the diameters of all the hybrids estimated from the TEM images are listed in table 1. For the TEM imaging, the poly(DMAEMA)-coated AuNPs were stained with phosphotungstic acid. The TEM images show that AuNPs were located at the centre of the hybrids and the structures were identical to the reported case of Au/SiO 2 that was formed by the Stöber method [30] . The TEM images also show that the diameters of the hybrids increased after the polymerization and silicification. The average diameters of the poly(DMAEMA)-coated AuNPs and AuNP/silica hybrids were 61.9 and 57 nm, respectively (table 1).
Control of the thickness of silica shell layers
One of the advantages of combining SI-ATRP and biosilicification is the ease with which the thickness of silica layers can be controlled, because the thickness of silica layers is critically dictated by the thickness of poly(DMAEMA) layers and the thickness of poly(DMAEMA) layers can be easily controlled by changing the SI-ATRP conditions. In this study, we varied the concentration of DMAEMA (0.1, 0.4 and 1.0 M) to control the thickness of the polymeric shells, while keeping the other polymerization conditions fixed. After 1 h ATRP, we obtained poly(DMAEMA)-coated AuNPs with different thicknesses. We estimated the diameter of the resulting hybrids by using the TEM images (figures 3(b), 4(a), and (c)). The diameter was 31, 48 and 62 nm, respectively, which corresponds to the thickness of the poly(DMAEMA) layer of 7, 15.5 and 22.5 nm. After the silicification, the diameter was changed to 26, 42 and 57 nm (table 1). It is interesting that this change in the diameter is the opposite to our previous report [13] . When we used a flat gold surface for SI-ATRP of DMAEMA and subsequent biosilicification, we observed a two-fold increase in the thickness of the silica layers compared with that of the poly(DMAEMA) layers. However, in this study we observed 20-35% shrinkage (or 5-6 nm absolute shrinkage) in diameter after the silicification. We hypothesize that the difference might have resulted from the difference in the surface density of poly(DMAEMA) at surfaces, because the catalytic efficiency of polyamines in biomimetic silicification is thought to be closely related to the aggregating property with silicic acid derivatives [3, 4] . Therefore, a low density of poly(DMAEMA) at surfaces might lead to the decrease in the thickness upon the aggregation with silicic acid derivatives, but the detailed reasons remain unknown. Nonetheless, the results clearly indicate that we can controllably change the thickness of silica shell layers.
Bioconjugation
Optical sensing techniques based on the plasmon resonance absorption of AuNPs have been widely used due to their high sensitivity. For protein-based recognition in particular, several diagnostic kits have been developed on the basis of the interactions between antibody-conjugated AuNPs and antigens [31] . The instability of functionalized AuNPs is, however, still problematic in many situations, and silica-coated AuNPs have been investigated as one of the alternatives to the applications of AuNPs in (nano)biotechnology [32, 33] . We investigated the bioconjugation between biomimetically formed, silica-coated AuNPs and biologically active compounds. As a model of the biologically active compounds, we chose biotin because biotin has a strong, biospecific interaction with streptavidin (K D = 10 −15 M) [34] , and the association between biotin and streptavidin is very rapid and unaffected by extremes of pH, organic solvents and other denaturing agents. In addition, the attachment of biotin can be easily visualized by fluorescent dyeconjugated streptavidin. To achieve the covalent attachment of biotin onto the AuNP/silica hybrids, the surface of AuNP/silica hybrids was functionalized with amine-or thiol-terminated silane compounds. Usually thiol reacts rapidly with maleimide at pH 7, and amine is easily coupled with reactive NHS ester groups, leading to amide bonds. By using these reactions, biotin-bearing amine or thiol groups were covalently attached to the surface of AuNP/silica hybrids ( figure 5(a) ). The attachment of the biotin ligand was confirmed by fluorescence microscopy. The samples were incubated in a PBS solution of TRITC-conjugated streptavidin containing BSA and Tween 20. BSA and Tween 20 were used to reduce non-biospecific adsorption of streptavidin onto AuNPs. As a control, polyethyleneoxide (PEO)-terminated silane was treated with AuNP/silica hybrids instead of MPTES or APTMS. The PEO-terminated silane does not contain biotin but an EO group, which is known to effectively minimize the non-biospecific adsorption of biomolecules and cells. 
Conclusions
In this paper, we describe a biomimetic approach to the formation of AuNP/silica core/shell hybrid structures by using a combination of surface-initiated polymerization and biosilicification. In addition, a protocol for covalent conjugation of biotin to the AuNP/silica hybrids was developed. Biomimetic approach is simple and fast, and does not require harsh reaction conditions that preclude facile applications to biology-related fields. We expect that the AuNP/silica hybrids will be useful as bioprobes or sensors through further surface functionalizations [32] . In addition, we believe that, with a proper choice of polymerization initiators, the synthetic strategy developed in this work could be applied to other nanoparticles, such as quantum dots and magnetic nanoparticles. For example, phosphine oxide-containing polymerization initiators can be designed and utilized in surface-initiated polymerization of DMAEMA and subsequent biomimetic silicification for the formation of quantum dot/silica hybrid nanostructures.
